Recent heat capacity and low field magnetic susceptibility measurements revealed unusual magnetic phenomena occurring in Er 1-x R x Al 2 systems (where R = Dy, Tb) in the vicinity of a "magic" concentration of x = 0.25. Empirically, the reasons for such behavior were attributed to different shapes of the 4f charge densities of the R 3+ ions, which are represented by the opposite signs of the second order Stevens' factors. Here we show that by using both the signs and magnitudes of the second order Stevens' factors, magnetic transitions can be predicted in a broader range of pseudo binary R 1-x R' x Al 2 alloys where R and R' are rare earth metals that have opposite signs of second order
Introduction
The fundamental magnetic properties of the RAl 2 compounds, where R is a rare earth element, have continuously attracted attention of researchers for more than forty years. 1, 2, 3, 4, 5 Specifically the isostructural RAl 2 compounds are well known for interesting properties including crystalline electric field effects 5 and low temperature ferromagnetism 4, 5 that can be controlled by varying the rare earth component. Recent research results suggest that despite of broad experimental and theoretical investigations that have been already performed using these relatively simple MgCu 2 -type Laves phases, some fascinating and new phenomena in the RAl 2 compounds are yet to be discovered.
Most of the earlier studies explored the properties of the pure binary RAl 2 compounds.
Since the 4f charge densities of the R atoms are significantly different from one another, unusual behaviors may be observed when the R atoms in the RAl 2 alloys are partially replaced by a different R' atom to form pseudo binary R 1-x R' x Al 2 compounds. Such with varying Dy and Tb concentration. The phenomena are represented by the appearance of first order peaks in the zero magnetic field heat capacities of the alloys. 8, 10, 12 The heat capacity peaks appear only in certain Er rich alloys in the series where the Tb and Dy concentrations center around x = 0.25. We note that the heat capacity peaks in Er 1-x Dy x Al 2 and Er 1-x Tb x Al 2 appear in the samples when the exchange interactions in the solvent (e.g. Er
3+
) are weaker than the same in the solute, which can be quantified by the de Gennes factor (de Gennes factors of Er
, Dy 3+ and Tb 3+ are 0.162, 0.450, and 0.667, respectively). 14 As the Tb and Dy concentration either reduces or exceeds the critical concentration of x = 0.25, the heat capacity peaks in Er 1-x Dy x Al 2 and Er 1-x Tb x Al 2 starts diminishing and finally disappear. It was proposed that the observed behavior is a result of the competition between the magnetoelastic and quadrupolar effects, which is caused by the modification of the magnetic structure due to Dy and Tb doping. 10, 11, 12 It was also suggested that the modification of the magnetic structure of the Er 1-x Dy x Al 2 and Er 1-x Tb x Al 2 systems was mainly caused by the 4f charge densities of Er 3+ being different from Dy 3+ and Tb
. 11, 12 The 4f charge density of Er 3+ is a prolate spheroid, whereas the 4f charge densities of The lattice parameter for pure TmAl 2 (7.7757 Å) was taken from the report of Harris et al. 21 As shown in the inset of Fig. 1 , the lattice parameters depend linearly on the Tb concentration (x). Assuming that Vegard's law holds (which is reasonable considering that the structure is cubic and that the Tm-Tb solid solution is nearly ideal), this suggests that the concentrations of our samples are close to the targeted concentration. The linear dependence of lattice parameters on the concentration of rare earth metals is also observed in the pseudo-binary Tb 1-x Dy x Al 2 alloys. 22 The increase of the lattice parameters with increasing Tb concentration can be attributed to the larger ionic radius of Tb 3+ compared to that of Tm
. The ac and dc magnetic measurements were conducted in a Superconducting Quantum Interference Device (SQUID) magnetometer MPMS XL-7 made by Quantum Design Inc. The measurements were performed in the temperature range of 2 -300 K and in applied magnetic fields of up to 7 T. A homemade adiabatic heat-pulse calorimeter was used to conduct the heat capacity measurements. 23 The measurements were performed in the temperature range from ∼2 to 350 K in a zero magnetic field and in applied magnetic fields up to 10 kOe. data, the sample was cooled from 300 K to 2 K in a zero magnetic field. When the temperature reached 2 K, a magnetic field of 100 Oe was applied, and the ZFC M(T)
Results and discussions
curve was recorded as a function of increasing temperature. The field cooled cooling (FCC) curve was measured while sweeping down the temperature from 300 K to 2 K.
The field cooled warming (FCW) curve was obtained in a similar way to that of the ZFC curve with the exception that the sample was cooled down in the presence of a magnetic field of 100 Oe.
As shown in respectively. The measurements were performed on heating in an ac field (H ac ) of 5 Oe, and at frequencies of 1 Hz, 10 Hz, 100 Hz, and 1000 Hz. As shown in Fig. 5a , the real component of the ac susceptibility, χ′, increases with increasing temperature with a peak at ~7 K. We believe that this is due to the first order like transition observed in the M(T) data of the alloy (see Fig. 2 ). The peak around 7 K diminishes with the increasing frequency (see the inset of Fig. 5a for clarity). Above 7 K, χ′ increases with increasing temperature until it drops sharply at T C . A weak frequency dependence is also observed in the χ′ data below T C . The χ′′ data ( Fig. 5b ) measured at a frequency of 1 Hz shows a small rounded peak around 3 K, a sharp peak at 7 K, and a sharp drop in χ′′ at T C ≈ 22 K.
The rounded peak at 3 K disappears for frequencies equal to and greater than 10 Hz. It is noted that the anomaly represented by the rounded peak at 3 k is not observed in any other measurements. Similar rounded peak is also observed in the χ′′ data of The sharp peak at 7 K in the χ′′ data diminishes with increasing frequency, but a weak anomaly is still observed around this temperature even at 1000 Hz.
As expected, the low temperature (~7 K) anomaly observed in the ac susceptibility data As mentioned earlier, the central characteristic of the multiple magnetic ordering phenomena were revealed in the heat capacity measurements 10, 12 At this point it is worth noting that the observed behaviors correlate very well with the predictions made. 12 As predicted, the unusual first order like magnetic transitions were expected to be present in Tm 1-x Because of the orbital moment contribution there is spin orbit coupling of 0.21 eV in Tb and 0.43 eV in Tm. 29 The spin and orbital moment mismatch and the spin orbit coupling
give rise to the competition between spin moments and orbital moments in these compounds .
As shown in Fig. 14 In addition to the spin orbit coupling and crystal field effects discussed above, we have to consider higher order interactions such as quadrupolar interactions which may play a pivotal role because the 4f charges of Tm 3+ and Tb 3+ ions are non spherical; they are prolate and oblate, respectively. The second order Stevens' coefficients (α 2 ) are negative for Tb and positive for Tm although they are equal in magnitude (Table II) . 15 The fourth order and sixth order Stevens' coefficients for Tb and Tm have same signs but these coefficients are smaller compared to the second order ones. 15 Although these higher order
Stevens' coefficients contribute to the higher order magnetocrystalline anisotropy, the substantial change in the shape of the charge densities of different rare earths is due to the second order Stevens' coefficients.
The perturbed charge densities give rise to the quadrupolar moment, (Table II) A for rare earths differ slightly, they have same sign 31 indicating that the uniaxial anisotropy in rare earth compounds depends largely on the sign of the quadrupolar moment Q 2 but not on the sign of 0 2
A . As shown in Fig. 15 in Tm 1-x Tb x Al 2 the spin exchange interactions are dominant at larger concentrations of Tb or Dy, while the anisotropy which originates from the quadrupolar moments or Stevens' second order coefficients through the orbital moments will be effective only in the compounds with the higher concentrations of Tm or Er.
Therefore, overall it may be concluded that the magnetic exchange, spin orbit coupling, crystal field, and quadrupolar interactions compete with each other at low temperatures and this competition could lead to the low temperature first order like anomaly seen in 
